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(57) ABSTRACT

Cross-track deviation of a writer from a predetermined track
on arecording medium 1s detected. A write current 1s adjusted
based on the cross-track deviation of the writer from the

predetermined track. The adjusted write current 1s applied to
the writer to compensate for the cross-track deviation of the
writer from the predetermined track.
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COMPENSATION FOR CROSS-TRACK
DEVIATION

SUMMARY

A system includes alignment sensor circuitry configured to
detect a cross-track deviation of a writer relative to one or
more target tracks on a recording medium and write current
control circuitry configured to modulate a write current sup-
plied to the writer based on the detected cross-track deviation.
Other implementations are also described and recited herein.

This Summary 1s provided to mtroduce a selection of con-
cepts 1n a simplified form that are further described below 1n
the Detailed Description. This Summary 1s not intended to
identify key features or essential features of the claimed sub-
ject matter nor 1s it intended to be used to limit the scope of the
claimed subject matter. Other features, details, utilities, and
advantages of the claimed subject matter will be apparent
from the following more particular written Detailed Descrip-
tion of various implementations and implementations as fur-
ther 1llustrated 1n the accompanying drawings and defined in
the appended claims.

BRIEF DESCRIPTIONS OF THE DRAWINGS

The described technology 1s best understood from the fol-
lowing Detailed Description describing various implementa-
tions read 1n connection with the accompanying drawings.

FIG. 1 illustrates a plan view of an example implementa-
tion of a BPM storage disc with a transducer head situated on
an end of an actuator assembly.

FIG. 2 illustrates a cross-sectional view of an example
transducer head coupled to compensation circuitry.

FI1G. 3 1llustrates a bottom view of an example transducer
head used with compensation circuitry.

FIG. 4 illustrates multiple example instances of a write
pole 1n alignment or misalignment with a single bit width
track of a storage medium.

FIG. 5 illustrates multiple example instances of a write
pole 1n alignment or misalignment with multiple bit tracks of
a storage medium 1n a banded configuration.

FI1G. 6 1llustrates example write bubble vanations with the
application of different write currents.

FIG. 7 1llustrates a flow chart i1llustrating example opera-
tions for compensating for cross-track deviation of a write
pole during a writing operation.

DETAILED DESCRIPTION

Bit Patterned Media (BPM) refers to a magnetic storage
technology used to record data in a consistent array of mag-
netic cells structurally formed 1n a storage medium. The BPM
cells may be pre-patterned through various procedures such
as, but not limited to, photolithography, 1on-milling, etc. For
example, each magnetic cell may be pre-patterned in the
storage medium using photolithography by which a mask
pattern 1s recorded using high-resolution electron beam. The
mask pattern 1s used to selectively etch the magnetic cells in
magnetic material deposited on the surface of the storage
medium. In one implementation, each magnetic cell stores a
single bit and 1s 1solated from all other cells by a finite,
non-magnetic region of the storage medium.

Data 1s stored in the individual cells along consistent bit
tracks, which are typically patterned into the storage medium
at concentric radial positions (e.g., from an iner diameter
(ID) to an outer diameter (OD) of the storage medium). As the
storage medium rotates in a storage device, a transducer head
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1s positioned 1n close proximity to the storage medium surface
along a data track to read data from and write data to the
individual cells 1n the track. The transducer head, however,
may drift from perfect cross-track alignment over the target
bit track, which can result 1n improperly written data and
therefore stored data corruption. Accordingly, the described
technology contributes to maintaining proper transducer head
tracking and accurate data writing in a storage device.

To assist in maintaining alignment along one or more target
bit tracks while writing to a storage medium, a transducer
head’s position relative to the one or more bit tracks can be
continuously corrected as the storage medium rotates. In one
implementation, the position of the transducer head 1s read
from position data recorded on the storage medium to deter-
mine the position variation (e.g., from the intended position).
Using the position variation information, the position of the
transducer head can then be adjusted by an actuator arm
accordingly as the storage medium rotates. Nevertheless, the
mechanical positioning of the transducer head to any target
magnetic cells 1n a bit track may still vary by a small amount
in the cross track direction. Cross-track direction refers to the
radial width of a bit track (e.g., from the innermost radial
extent of the bit track to the outermost radial extent of the bat
track). In contrast, down-track direction refers to the direction
along a bit track as the storage medium rotates (e.g., along the
circumierence of the bit track). Accordingly, 1n addition to
mechanical position adjustment, the write current to the trans-
ducer head can also be adjusted based a readback signal
detected from the storage medium by the transducer to com-
pensate for misalignment of the transducer head with respect
to bit tracks on the storage medium.

The position of a transducer head over the media 1s relevant
to the correct writing of data to patterned bits on a disc. If the
write pole of the transducer head driits to far cross-track in
relation to the target bit track as the media spins, data may not
be correctly written to the targeted patterned bits on the disc.

Generally, the write current generates a magnetic “write
bubble” emanating from a write pole on the transducer head.
As the write pole passes over the magnetic cells 1n the BPM,
the write bubble sets the polarity of the magnetic domains in
the cells. The dimensions of the write bubble vary with the
amplitude of the write current (e.g., the larger the write cur-
rent, the larger the write bubble 1n both the down track and
cross track dimensions). As such, when the write current 1s
modulated based on the position information detected by the
transducer head with respect to the one or more target bit
tracks, the write bubble changes 1n size as a result of the
modulated write current. In this manner, the area of the stor-
age medium that 1s written by the write bubble can be varied
to account for misalignment without requiring additional
mechanical adjustment of the position of the write pole. Posi-
tion information regarding the transducer head with respectto
the bit patterned media may be obtained from read sensors, bit
detectors, and/or other types of sensors (collectively, also
referred to as “alignment sensors™). According to the pres-
ently disclosed technology, write current 1s modulated based
on the measured/detected cross-track deviation of the trans-
ducer head relative to the target bit track to compensate for
driit of the transducer head. Modulation of the write current
adjusts the size of the write bubble so as to improve the
writing ol data to the targeted bits on the recording medium.

FIG. 1 1llustrates a plan view of an example implementa-
tion of a BPM disc 108 with a transducer head 120 situated on
an end of an actuator assembly 110. The disc 108 rotates
about a disc axis of rotation 112 during operation. Further,
disc 108 includes an outer diameter 102 and inner diameter
104 between which are a number of concentric bit tracks 106,
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illustrated by circular dashed lines. Bit tracks 106 are sub-
stantially circular and are made up of regularly spaced pat-
terned bits 122, indicated as dots or ovals on disc 108 as well
as 1n the exploded view 123.

Information may be written to and read from the patterned
bits 122 on the disc 108 in different bit tracks 106. The
transducer head 120 1s mounted on the actuator assembly 110
at an end distal to the actuator axis of rotation 114 and flies 1n
close proximity above the surface of the disc 108 during disc
operation. The actuator assembly 110 rotates during a seek
operation about an actuator axis of rotation 114 positioned
adjacent to the disc 108. The seek operation positions the
transducer head 120 over a target bit track. The exploded view
123 shows the transducer head with a read sensor 116 and a
writer 118 (shown as a write pole) relative to the bittracks 106
(with the actuator assembly 110 omitted).

In one implementation, the transducer head 120 utilizes the
read sensor 116 as an alignment sensor to perform a read-
while-writing process. During the read-while-writing pro-
cess, the read sensor 116 1s turned on such that it reads while
the writer 118 1s writing. The read-while-writing process
allows the read sensor 116 to determine the cross-track devia-
tion of the transducer head 120 over the desired bit track 106
while the writer 118 1s in operation. The read-while-writing,
process may be performed by reading magnetic signals from
the patterned bits 122 on the disc 108 and determining from
the detected signals a cross-track deviation of the writer 118
ol the transducer head 120 with respect to the desired bit track
106.

In another implementation the transducer head 120 utilizes
the read sensor 116 as an alignment sensor to perform a
read-before-writing process. During the read-before-writing
process, the read sensor 1s turned on before the writer 1s turns

on. The read-before-writing process allows the read sensor
116 to determine the cross-track deviation of the transducer
head 120 over the desired bit track 106 before the writer 118
writes. The read-before-writing process may be performed by
reading magnetic signals from the patterned bits 122 on the
disc 108 and determining from the detected data the cross-
track deviation of the writer 118 of the transducer head 120
with respect to the desired bit track 106.

In another implementation, the transducer head 120
includes one or more bit detectors. A bit detector acts as an
alignment sensor 1n lieu of or 1n addition to the read sensor
116 and improves the accuracy and speed with which the
cross-track deviation of the writer 118 can be determined
from a wavetorm retlected from the patterned bits 122 to the
transducer head 120.

In yet another implementation, the transducer head 120
includes one or more electrical wires containing spin-polar-
ized currents which function as a spin angular momentum
sensor. A spin angular momentum sensor acts as an alignment
sensor 1n lieu of or 1 addition to the read sensor 116 and
offers improved accuracy and speed in determining a cross-
track deviation of the writer 118 by detecting changes 1n spin
properties of the one or more spin-polarized currents when
the electrical wires pass 1n close proximity to the patterned
bits 122.

Through these and other implementations of an alignment
sensor, the storage device can detect a misalignment between
the alignment sensor and the target bit track (e.g., the
sequence of patterned bits 122 1n a target bit track), which can
be 1ndicated by a track mis-registration (ITMR) value. The
amount of mis-registration of a bit track impacts the ability of
a write element to correctly store data 1in patterned bits 122 of
the bit track. For example, 11 the writer 118 1s suiliciently
misaligned 1n the cross-track direction, the write bubble gen-
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crated by the writer 118 may fail to suiliciently set the polarity
of one or more magnetic cells 1n the track, thereby failing to
correctly write the data. In the described technology, an align-
ment sensor on the transducer head can detect such misalign-
ment and adjust the write current supplied to the writer 118.
By increasing the write current, the cross-track width of the
write bubble can be increased to accommodate the misalign-
ment and correctly write to the magnetic cells 1n the target
track. Likewise, when alignment 1s improved, the write cur-
rent can be reduced accordingly.

FIG. 2 illustrates a cross-sectional view of an example
transducer head 200 coupled to compensation circuitry 202,
including alignment sensor circuitry 204, misalignment com-
pensation circuitry 206, and write current control circuitry
208. The transducer head 200 1s shown with the read sensor
210, the writer 212, and data signal wires 224 electrically
connecting to the compensation circuitry 202. The read sen-
sor 210 (which 1s an example of an alignment sensor) 1s
configured to read signals from the patterned bits on the
storage medium and detect misalignment between the trans-
ducer head 220 (and therefore the writer 212) and the target
bit track. The writer 212 1s configured to write data to the
patterned bits 1n the same target bit track on the storage
medium. The transducer head 200 also includes shields 230,
231, and 232.

In an implementation, compensation for cross-track devia-
tion between the writer 212 and a target track 1s performed by
compensation circuitry 202 located off of the transducer head
200. In another implementation, the compensation circuitry
202 1s located on or within the transducer head 200. Combi-
nations ol off-head and on-head circuitry may also be
employed. The data to be written to the patterned bits 1s sent
from off-head electronics through the transducer head 220 to
the writer 212. The amplitude of the write current used to
write the data to the pattered bits 1s modulated by the write
current control circuitry 208, as mnformed by the misalign-
ment compensation circuitry 206 based on misalignment
detection by the alignment sensor circuitry 204.

The read sensor 210 (or any alignment sensor) and the
alignment sensor circuitry 204 detect and/or measure any
misalignment of the transducer head 200 with the target track.
Such detection or measurement 1s based on the magnetic
fields the read sensor 210 monitors from the magnetic cells 1t
passes 1n the target track as the storage medium spins. While
the alignment sensor 1s reading or otherwise momtoring the
magnetic cells i the track, the read signal amplitude varies
with misalignment. For example, correct alignment can pro-
duce 1n the strongest read signal, while misalignment can
reduce the read signal. This variation is typically represented
as a Gaussian distribution, relative to perfect alignment. The
alignment sensor circuitry 204 communicates a measure of
the misalignment (e.g., the amplitude of the read signal) to the
misalignment compensation circuitry 206. In one implemen-
tation, amplitude modulation may be used to determine
whether the transducer head 200 1s correctly aligned or how
much the transducer head 200 1s misaligned with the target
track (e.g., what percentage of the track width), yielding a
misalignment measure.

The maisalignment compensation circuitry 206 uses this
misalignment measure to determine a write current amplitude
adequate to generate a write bubble from the writer 212 that 1s
large enough to correctly write to the magnetic cells 1n the
target bit track despite the misalignment. The misalignment
sensor circuitry 206 communicates the write current ampli-
tude to the write current control circuitry 208, which adjusts
the amplitude of the write current 1t generates to adjust the
dimensions of the write bubble of the writer 212.
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In one 1implementation, the relationship among the mis-
alignment measure and the write current amplitude 1s deter-
mined during calibration of the storage device. For example,
calibration can develop a set of cross-track misalignments
based on the readback signal method described with regardto 3
the alignment sensor circuitry 204 and associate correspond-
ing write currents that result in acceptable write performance
by the misaligned transducer head. In an alternative 1mple-
mentation, calibration can yield a contour plot data that
relates the X-Y-Z oifsets (relative to the center of atarget track 10
and the fly height of the transducer head) to corresponding
write currents that result 1n acceptable write performance.
Typically, these example relationships are deterministic (e.g.,
based on calibration) and monotonic from the ideal alignment
(e.g., from the center of the target bit track and the ideal fly 15
height)

FI1G. 3 1llustrates a bottom view of an example transducer
head 300 used with compensation circuitry (not shown). In
the 1llustrated implementation, the writer 310 1s positioned
toward the leading edge 302 of the transducer head 300 and 20
the read sensor 312 1s positioned toward the trailing edge 303
of the transducer head 300, although other configurations are
contemplated. Assorted shields 304, 306, and 308 are also
positioned on the transducer head 300.

The 1llustrated surface of the transducer head 300 faces the 25
surface of the storage medium (not shown) and *“tlies™ above
the surface of the storage medium as the storage medium
spins. The read sensor 312 1s capable of detecting the data
stored 1n the magnetic cells on the surface of the storage
medium. Such read data can be sent to the host and/orused to 30
determine the position and/or alignment of the transducer
head 300 relative to a target bit track. Further, the writer 310
1s capable of generating a write bubble that can set a polarity
in each of the magnetic cells on the surface of the storage
medium. Alignment of the writer 310 to the target bit track 35
(and therefore the magnetic cells that constitute the patterned
bits on the storage medium) influences the integrity of the
data that 1s written to the storage medium. An actuator arm
(not shown) provides some alignment control 1n one 1imple-
mentation of the described technology. Furthermore, the 40
amplitude of the write current provided to the writer 310 can
also be adjusted to increase or decrease the cross-track width
of the write bubble to compensate for all or some portion of
detected misalignment. In addition, adjustment of the write
current amplitude can also increase or decrease the down- 45
track length of the write bubble to effectively synchronize the
write pole with the read sensor.

FI1G. 4 1llustrates multiple example instances 400, 402, and
404 of a write pole 1n alignment or misalignment with a single
bit width track 406 of a storage medium, wherein the bit track 50
width 403 contains a sequence of single bits and the data track
width (defined by the cross-track width of the write pole and
the write bubble) 1s only large enough to cover one complete
bit track width 403. In FIG. 4, arrow 408 1indicates the direc-
tion of medium travel as the disc spins, such that the magnetic 55
cells (such as magnetic cell 410) are moving left to night
relative to the writer mstances. It should be understood that
the magnetic cells constitute the patterned bits 122 discussed
with regard to FIG. 1.

Each write pole instance represents a write pole at different 60
times traveling relative to the surface of the storage medium.
Further, each write pole instance 1s shown positioned at a
different alignment with the bit track 406, as compared to
cach other write pole instance. The write pole instance 402 1s
misaligned with the bit track 406 1n the one cross-track direc- 65
tion, the write pole mnstance 402 1s correctly aligned with the
bit track, and the write pole instance 404 1s misaligned with

6

the bit track 406 1n the other cross-track direction. At each of
the positions of the write pole instances 400 and 404, the write
pole instance 1s off track due to a behavior called track mis-
registration (I MR). That 1s, the write pole instance has devi-
ated from the intended cross-track position, which 1s centered
above the bittrack 406 of the bit patterned medium, ameasure
of this cross-track deviation can be determined from the TMR
value. The portion of the deviation that 1s repeatable 1s called
repeatable run out (RRO) and can also be determined using
information from the readback signal.

As discussed above, the position of the write pole with
respect to targeted bits on the BPM can be determined 1n a
variety of ways, such as a read-while-writing scheme, a read-
before-writing scheme, or through the use of additional sen-
sors. Once the position of the write pole mstance (e.g., the
alignment or the magnitude of misalignment) with respect to
the bit track 406 on the BPM 1s determined, the write current
(WPE) applied to the write pole instance for the writing
process can be modulated to compensate for any deviation of
the write pole istance in the cross-track direction.

As the WPE applied to the tip of the write pole 1s modu-
lated, the magnetic field generated around the tip of the write
pole (also known as the “write bubble’) changes in the cross-
track direction. In this manner, the coverage of the magnetic
cells by the write bubble can be expanded in the cross-track
direction to account for cross-track deviation of the write pole
relative to the target track. Referring again to FIG. 4, 1n order
to compensate for the cross-track deviation experienced by
write pole instances 400, 402, and 404, misaligned write pole
instances 400 and 404 would be supplied a larger write cur-
rent than write pole instance 402, which 1s aligned on the
target bit track 406.

It should be understood that changes 1n the write current
can also change the length of the write bubble 1n the down-
track direction. Thus, the contours of the write bubble change
in both the cross-track and down-track directions as the
amplitude of the write current changes. Accordingly, in some
implementations, the timing of the write process may be
adjusted to compensate for the change 1n the size of the write
bubble 1n the down-track direction, so that the writing posi-
tion 1s synchronized with the reading position. In one 1mple-
mentation, the trailing edge of the write bubble can be
adjusted to coincide with the effective detection area of the
read sensor or any other alignment sensor.

It should also be understood that the amplitude of the write
current supplied to the write pole 1s maintained within a range
so as to prevent adjacent track interference (ATI), which
occurs when the write bubble directed at the target bit track
alters the data stored 1n magnetic cells of an adjacent bat track.
For example, the write pole can deviate from the target bat
track so much 1n a cross-track direction that the amplified
write bubble overlaps 1into an adjacent bit track and inadvert-
ently changes data stored 1in that adjacent bit track. Accord-
ingly, the maximum write current can be limited to prevent
such ATT effects.

In FIG. 4, one bit track 1s written at a time, and there 1s no
particular order to the writing of the bit tracks. In other words,
the bit tracks can be accessed and written randomly. Because
the contours of the write bubble change as the write current
applied to the write pole tip 1s modulated to compensate for
the cross-track deviation, the transition location 1s also going
to shift 1n the down-track direction due to magnetostatic
interaction. This shift 1s known as a non-linear transition shift
(NLTS). To compensate for the NLTS, the timing of the
application ol the write current is adjusted. This adjustment in
the amplitude of the write current and the timing of the appli-
cation of the write current to compensate for changes 1n write
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bubble length 1s referred to as write precompensation or “pre-
comp.” In an implementation, the precomp may be mapped
out during drive seli-test and stored as a lookup table 1n
non-volatile memory. In another implementation, the pre-
comp may be calculated using firmware, on-head microelec-
tronics, or ofif-head microelectronics. In still another imple-
mentation, the relationships among write current, magnetic
bubble cross-track width, cross-track deviation compensa-
tion, and down-track synchronization can be determined dur-
ing drive calibration, and a calibrated read back amplitude
may be used to govern appropriate modulation of the write
current.

FIG. S illustrates multiple example instances 500, 502, and
504 of a write pole 1n misalignment with multiple bit tracks
506 and 507 of a storage medium 1n a banded configuration,
wherein the single bit track width 503 contains a sequence of
single bits but the data track width (defined by the cross-track
width of the write pole and the write bubble) 1s larger than the
single bit track width 503. In FIG. 5, arrow 508 indicates the
direction of medium travel as the disc spins, such that the
magnetic cells (such as magnetic cell 510) are moving left to
right relative to the writer instances. It should be understood
that the magnetic cells constitute the patterned bits 122 dis-
cussed with regard to FIG. 1.

According to the present invention, a solution at the drive
level to the above-mentioned problem with very high to very
ultra-high areal recording density bit patterned media and
systems 1s termed “banded technology”, also known as the
“bandit approach”, and comprises utilizing a wider write head
than conventionally employed to write the data rings 1n a
single pass, whereby a gain 1n write field 1s obtained. How-
ever, instead of complete random access of the data rings, this
approach requires sequential writing ol data rings adjacent a
just-written data ring. To accomplish this, when writing a data
track the write head will pass over a first data ring and par-
tially pass over (“trim”) an adjacent data ring. Since each data
track will be written only once before complete erasure, tol-
erance of erasure from the media side 1s relatively large. In
addition, a wider write head or pole can be utilized and a
comparatively narrower data tracks can be written. Less track
edge noise 1s induced since the guard band 1s practically
removed. As a consequence, areal recording density at drive
level 1s increased by a small amount, with loss of only a small
amount of media area, which cannot be utilized for data
storage. Also, data access 1s not completely random and the
increase in write head width 1s limited so as to not result 1n
curvature of the trimmed track.

Each write pole instance represents a write pole at different
times traveling relative to the surface of the storage medium.
Further, each write pole instance 1s shown positioned at a
different alignment with the target bit tracks 506 and 507, as
compared to each other write pole 1nstance. In the banded
configuration, the write pole instances are designed to be
wider than a single bit track. The write pole instance 500 1s
misaligned with the bit tracks 506 and 507 1n the one cross-
track direction, the write pole instance 502 1s correctly
aligned with the bit tracks 506 and 507, and the write pole
instance 504 1s misaligned with the bit tracks 506 and 507 1n
the other cross-track direction. At each of the positions of the
write pole instances 500 and 504, the write pole 1nstance has
deviated from the intended position, which 1s centered above
the bit tracks 506 and 507 of the bit patterned medium. The
portion of the deviation that 1s repeatable 1s called repeatable
run out (RRO) and also can be determined using information
from the readback signal. Referring again to FIG. 3, 1n order
to compensate for the cross-track deviation experienced by
write pole mstances 500, 502, and 504, misaligned write pole
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instances 300 and 504 would be supplied a larger write cur-
rent than write pole instance 502, which 1s aligned on the
target bit track 506.

In the banded configuration, each time the write pole
writes, the write track width 1s wider than the intended bait
track. As a result, with each write, the write pole at least
partially overwrites a fixed portion of the adjacent bit track
(e.g., bit track 507) when 1t writes to the target track (e.g., bit
track 506). As a result of this partial overwriting process, the
write pole writes mformation sequentially from adjacent
track to adjacent track, rewriting the erased or partially writ-
ten data 1n the next adjacent track. As a result, the bit track
may be narrower than the actual written data track width. This
“banded” or “shingled” approach to writing, therefore, per-
mits higher areal density on the storage medium.

It should also be understood that other magnetic cell pat-
terns may be structurally formed 1n the storage medium. For
example, magnetic cells 1n adjacent tracks may be staggered
to increase the areal density of magnetic cells on the storage
medium. The concentric data tracks of magnetic cells are
staggered so that the cells 1n every other adjacent bit track are
radially aligned. According to this implementation, the width
of the write pole can be much wider than the bit track pitch,
for example, about the width of three or more immediately
adjacent concentric bit tracks, and a significant write field 1s
achievable even at bit densities on the order of 1 Tbit/in®. As
with the implementations shown 1n FIGS. 4 and 5, write poles
having other than trapezoidal wedge shape, e.g., triangular or
square shape, and BPM with cells having shapes other than
circularly-shaped “dots”, e.g., square-shaped and elliptical-
shaped, are also contemplated.

Another storage medium configuration with which the
described technology may be employed 1s termed discrete
track recording (DTR), 1n which the storage medium 1s pat-
terned 1n the cross-track direction but continuous in the down-
track direction. Accordingly, individual bit tracks are pat-
terned 1n discrete concentric rings about the center of the disc.
DTR may be employed using both single bit track width write
poles and banded configuration write poles.

FIG. 6 1llustrates example write bubble data variations 600,
602, and 604 with the application of different write currents.
The write bubble data 600 shows the extent of a write bubble
having a lower amplitude write current, with the write bubble
data 602 being generated from a higher amplitude write cur-
rent and the write bubble data 604 being generated from an
even higher amplitude write current.

By varying the write current amplitude, the storage device
can adjust the cross-track width and/or the down-track length
of the write bubble to account for cross-track deviations and/
or minimize the effective distance between a write pole and a
read sensor on a transducer head.

FIG. 7 1llustrates a flow chart illustrating example opera-
tions 700 for compensating for cross-track deviation of a
write pole during a writing operation. In a monitoring opera-
tion 702, deviation 1n the cross-track direction, or “‘cross-
track deviation” 1s determined. In an 1implementation, cross-
track deviation may be determined by a read-while-writing
process or a read-belfore-writing process, or by use of mul-
tiple sensors to determine position.

In a compensating operation 704, the amplitude of the
write current 1s adjusted or modulated to compensate for the
cross-track deviation of the writer. Changing the amplitude of
the write current alters the contours of the write bubble. Thus,
for example, 1f cross-track deviation increases, the amplitude
of the write current 1s increased so that the size of the write
bubble increases in the cross-track direction. If cross-track
deviation decreases, the amplitude of the write current is
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decreased so that the size of the write bubble decreases 1n the
cross-track direction. A similar size adjusting effect occurs in
the down-track dimension of the write bubble.

In a writing operation 706, the adjusted write current 1s
applied to the writer so that targeted bits may be written
correctly, compensating for any detected or measured cross-
track deviation of the transducer head. It should be under-
stood that the timing of the application of the write current
may be adjusted to compensate for the change 1n write bubble

length (in the down track direction) as a result of the adjusted
write current.

Exemplary operations 700 may be encoded on a computer
readable storage medium and/or implemented as logical steps
executed by a processor.

While the exemplary implementations herein are applied
to bit patterned media, 1t should be understood that they are
also applicable to other types of media, such as patterned
media and continuous media, and their respective methods of
recording.

The above specification, examples and data provide a com-
plete description of the structures of exemplary implementa-
tions of methods and apparatus that may be used to compen-
sate  for cross-track deviation. Although various
implementations of the apparatus have been described above
with a certain degree of particularity, or with reference to one
or more individual implementations, those skilled in the art
could make numerous alterations to the disclosed implemen-
tations without departing from the spirit or scope of this
invention. It 1s intended that all matter contained in the above
description and shown in the accompanying drawings shall be
interpreted as 1llustrative only of particular implementations
and not limiting. Changes 1n detail or structure may be made
without departing from the basic elements of the invention as
defined 1n the following claims.

What is claimed 1s:
1. A method, comprising;:
detecting a cross-track deviation of a writer relative to one
or more target tracks on a recording medium to provide
a detected cross-track deviation;

adjusting a write current supplied to a writer based on the
detected cross-track deviation to provide an adjusted
write current;

determining a timing compensation based on a non-linear

transition shift caused by adjusting the write current
based on the detected cross-track deviation;

adjusting timing of an application of the write current

based on the timing compensation.

2. The method of claim 1 wherein adjusting the write
current supplied to the writer based on the detected cross-
track deviation compensates for the cross-track deviation.

3. The method of claim 1 wherein the detection operation
COmMprises:

detecting the cross-track deviation of the writer relative to

the one or more target tracks using at least one of a
read-while-writing process or a read-before-writing
process.

4. The method of claim 1 wherein the detection operation
COmMprises:

detecting the cross-track deviation of the writer relative to

the one or more target tracks using multiple read sensors.

5. The method of claim 1 wherein the detection operation
COmprises:

detecting the cross-track deviation of the writer relative to

the one or more target tracks using a spin angular
momentum sensor.
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6. The method of claim 1, wherein the adjusting the write
current operation adjusts a cross-track width of a magnetic
write bubble generated by the writer.

7. The method of claim 1, wherein the adjusting the write
current operation adjusts a down-track length of a magnetic
write bubble generated by the writer to synchronize the writer
with a read sensor.

8. The method of claim 1 wherein magnetic cells 1n the one
or more target tracks are organized 1n a staggered fashion.

9. The method of claim 1 wherein the writer operates
relative to the one or more target tracks 1n accordance with a
banded approach.

10. A system comprising:

alignment sensor circuitry configured to detect a cross-

track deviation of a writer relative to one or more target
tracks on a recording medium; and

write current control circuitry configured to adjust a write

current supplied to the writer based on the detected
cross-track deviation and configured to adjust timing of
an application of the write current;

wherein the adjusted timing of the application of the write

current compensates for a non-linear transition shiit
caused by an adjustment to the write current based on the
detected cross-track deviation.
11. The system of claim 10 wherein the write current con-
trol circuitry 1s further configured to adjust the write current
supplied to the writer based on the detected cross-track devia-
tion 1n compensation for the cross-track deviation.
12. The system of claim 10 wherein the alignment sensor
circuitry 1s further configured to detect the cross-track devia-
tion using at least one of a read-while-writing process or a
read-before-writing process.
13. The system of claim 10 wherein the alignment sensor
circuitry 1s further configured to detect the cross-track devia-
tion using multiple read sensors.
14. The system of claim 10 wherein the alignment sensor
circuitry 1s further configured to detect the cross-track devia-
tion using a spin angular momentum sensor.
15. The system of claim 10 wherein the write current con-
trol circuitry 1s further configured to adjust a cross-track
width of a magnetic write bubble generated by the writer by
adjusting the write current.
16. The system of claim 10, wherein the write current
control circuitry 1s further configured to adjust a down-track
length of a magnetic write bubble generated by the writer to
synchronize the writer with a read sensor.
17. The system of claim 10 wherein magnetic cells 1n the
one or more target tracks are organized 1n a staggered fashion.
18. The system of claim 10 wherein the writer 1s configured
to operate relative to the one or more target tracks 1n accor-
dance with a banded approach.
19. One or more non-transitory computer-readable storage
media storing 1nstructions that, when executed, direct a pro-
cessor to:
detecting a cross-track deviation of a writer relative to one
or more target tracks on a recording medium to provide
a detected cross-track deviation;

adjusting a write current supplied to a writer based on the
detected cross-track deviation to provide an adjusted
write current;

determining a timing compensation based on a non-linear

transition shift caused by adjusting the write current
based on the detected cross-track deviation;

adjusting timing of an application of the write current

based on the timing compensation.

20. The one or more non-transitory computer-readable
storage media of claim 19 wherein adjusting the write current
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supplied to the writer based on the detected cross-track devia-
tion compensates for the cross-track deviation.
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